Efforts to diagnose and control aerodynamic noise from turbulent flows have been hampered by a lack of the necessary computational fidelity and practical simulation procedures to use in place of expensive trial-and-error experiments. Recent direct numerical simulations of jet noise 1 provide a detailed look at the mechanisms, but have not yet shown a clear path to follow that will reduce noise. In this paper we introduce a method that uses the full flow field information of such a simulation in an automated fashion in conjunction with solutions of the adjoint of the flow equations to reduce noise. We demonstrate this method on a convective Mach number Mc = 0.4, Reynolds number Reω = 500 two-dimensional mixing layer. For now, the actuation is right-hand-side forcing of the Navier-Stokes equations restricted to a small control region near the splitter plate. After 7 conjugate gradient iterations, noise is reduced by 6.3dB. The optimal forcing identified is weak, and has a nearly imperceptable effect on the structures in the mixing layer.
Efforts to diagnose and control aerodynamic noise from turbulent flows have been hampered by a lack of the necessary computational fidelity and practical simulation procedures to use in place of expensive trial-and-error experiments. Recent direct numerical simulations of jet noise 1 provide a detailed look at the mechanisms, but have not yet shown a clear path to follow that will reduce noise. In this paper we introduce a method that uses the full flow field information of such a simulation in an automated fashion in conjunction with solutions of the adjoint of the flow equations to reduce noise. We demonstrate this method on a convective Mach number Mc = 0.4, Reynolds number Reω = 500 two-dimensional mixing layer. For now, the actuation is right-hand-side forcing of the Navier-Stokes equations restricted to a small control region near the splitter plate. After 7 conjugate gradient iterations, noise is reduced by 6.3dB. The optimal forcing identified is weak, and has a nearly imperceptable effect on the structures in the mixing layer. Introduction N OISE continues to be a pressing problem in the aircraft industry, with a substantial competitive advantage going to makers of planes and engines that can satisfy the ever more restrictive airport noise regulations. Even with modern high-bypass engines, jet noise remains a significant component of the overall noise from an aircraft, especially during takeoff, and must be reduced for future aircraft to meet anticipated regulations.
Nomenclature
The development of controls is hampered by insufficient understanding of the mechanism of aerodynamic noise generation by turbulence. Most attempts to optimize the nozzle shape to reduce the jet noise are based on trial-error experimentation.
2 This approach is expensive. The results are confusing and do not give a clear explanation of why a particular design is preferable to others. Often procedures that reduce overall sound pressure level end up increasing net annoyance by increasing the high-frequency components of the noise. 3 Procedures that work on models do not always work on full-scale engines.
The root difficulty is that noise generation, especially in subsonic free shear flows, is a subtle process with only a tiny amount of the flow's energy escaping to radiate as noise. With the availability of high-speed computers and advanced numerical methods, it has recently become possible to compute aerodynamic noise from first principles by solving the compressible flow equations without modeling approximations.
1 Twodimensional mixing layers, 4 axisymmetric jets, 5 and supersonic 6 and subsonic 1 three-dimensional turbulent jets have been computed in this way. These simulations have provided insight into the mechanism but as yet have not pointed the direction for controlling noise, 7 which is the principal objective of this paper. Typically, control problems approach their optimum iteratively based on sensitivity analysis of control parameters. In this case, we are concerned with sensitivity of the noise to changes at the nozzle. This information is needed in order to be able to adjust controls appropriately to reduce noise. A direct method to identify sensitivities is expensive: its cost is proportional to the number of control parameters, which is excessive if there many. Optimizing a time profile for forcing by necessity requires many parameters. This is prohibitive in experiments because most hardware lacks flexibility to fully examine the parameter space. Though in principle they offer greater flexibility, simulations with the necessary fidelity are currently far too slow to take this brute force approach. However, the adjoint method provides the full sensitivity information linearized about a particular flow by solving a single adjoint (inverse) system. Thus, its cost is independent of the number of control parameters.
8
In fluid mechanics applications, adjoint methods have been used successfully in shape optimization [8] [9] [10] and turbulence drag reduction.
11 Similar methods have been used to study and account for mean flow refraction effects on sound radiated by localized sources in jets.
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Our approach is shown schematically in figure 1 . Given a numerical solution of the compressible flow equations, the adjoint of these equations with coefficients that depend on the flow solution is solved backward in time to give the sensitivity of the noise, which is defined quantitatively by an appropriate metric, to changes in the control at the nozzle. This sensitivity is used to update controls to reduce noise. At present the approach depends on the full flow field information of flow simulation, and so is impractical for direct use in most engineering applications. However, our results will be useful in several ways. The controlled case will be analyzed to develop general laws to guide future experiments and designs and to achieve a deeper understanding of what remains a poorly understood mechanism. These simulations also provide, in some sense, an upper limit for what can be accomplished reducing noise with active control. 
Formulation
The present study focuses on a two-dimensional mixing layer, which is a near-nozzle model of a jet. There is no indication that any particular change is needed to use present methodology to control a more general three-dimensional turbulent flow.
Our mixing layer system is shown in figure 2 . The Reynolds number is Re ω = 500, defined by vorticity thickness δ ω , the Mach numbers of the top and bottom streams are M = 0.8 and M = 0, and the temperature is uniform. Our control objective is to reduce the noise along the target line Ω at y = −40δ ω between x = 10δ ω and x = 40δ ω . To achieve this, we apply the control φ, which is a generic forcing term added to the righthand-side of the Navier-Stokes equations in a small control region C, x/δ ω ∈ (1, 5) and y/δ ω ∈ (−2, 2), also shown in figure 2.
We define the cost functional to be minimized as
where p is the instantaneous pressure, p ∞ is the ambient pressure, and t 0 and t 1 are the beginning and end of the times to be made quiet. To determine the sensitivity of J to small modifications of the control φ, we consider a small perturbation J to the cost functional J resulting from an arbitrary perturbation φ to the control φ. 11 J is defined as the Fréchet differential of the cost functional J as
The gradient g to update the control is determined directly from a solution of the adjoint system, forced by J , using a well-documented procedure.
11 Control is updated as
where α k is a line-search parameter determining the change along direction g k for the k th iteration.
Computational Methods
For the flow and sound fields, the compressible Navier-Stokes equations are solved without modeling assumptions.
To excite the mixing layer, we apply a bodyforce with peak level f e ≈ 0.005ρ ∞ a 2 ∞ /δ ω at the inflow. This force has 8 frequencies between St = 0.025π and St = 0.2π, to simulate natural disturbances with a wide spectrum. Our controller, of course, has no knowledge of this excitement forcing.
A fourth-order Runge-Kutta algorithm is used for time advancement, and a sixth-order Padé scheme 13 is used for spatial differencing. A specialized buffer zone similar to that of Freund 14 and a more traditional non-reflecting boundary condition 15 are used in combination to absorb disturbances as they leave the finite computational domain. The same schemes are used to solve the adjoint equations.
For the control update, the Polak-Ribiere variant of the conjugate gradient algorithm is used with Brent's line-minimization method.
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Some of the results in this paper were computed on parallel machines using MPI. In this case, the Dispersion-Relation-Preserving (DRP) scheme 17 was used in y.
Results and Analysis

Noise Reduction
Figure 3 (a) shows the instantaneous flow and sound field of the uncontrolled mixing layer with contours of vorticity to show the flow structure. The corresponding controlled case after 7 iterations is shown in figure 3 (b) at the same time. The noise is clearly reduced along the target line. More quantitatively figure  4 shows a 77% reduction of cost functional, which is about 6.3dB. At present, the starting point t 0 in the cost functional is chosen to be the time for sound to travel from control region C to the closest point on Ω. Before this time, noise on the target line is not controllable. Even after t 0 , within some period the target line is not under full control by two reasons: (1) the control reaches the closest point but not the farther points; (2) the rate at which the effect of the control travels is slower than sound speed-in the mixing layer it is the structure convective Mach number, M c ≈ 0.4. An overlapping-time control method 11 will remedy this. This will make the cost J , as we compute it, decrease more, though we might have already achieved the piecewise (in time) maximum reduction at later times.
To measure the strength of the forcing, which for now only appears in the energy equation, we calculate the integral of the total energy (internal energy plus kinetic energy) in that region,
with and without control. The small energy input is indicated by the minor changes in figure 5 . Since C is itself a small area, it is clear that very little energy is added. To see if the radiation increases elsewhere, we compare the cost with and without control on other lines besides the target line. As shown in figure 6 , other costs have not changed much and some other directions are also quieter.
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Adjoint Field
To better understand the control process, the evolution of the adjoint pressure p * is shown in figure 7 . It is this quantity that gives the gradient information g. Since the flow equations are self-adjoint in the acoustic limit, the adjoint pressure is initially an adjoint sound wave, excited along the target line by the difference between the cost and the cost expectation. As this wave encounters the mixing layer, it excites instability waves, which move upstream in the mixing layer to the control region. Finally, the gradient information is recorded inside this region. It is the instability waves in the adjoint that dominates the gradient.
Given this qualitative behavior of the adjoint, the mechanism of noise control can be expressed as follows. The control interacts with the flow. This excitation alters (slightly, we shall see) the instabilities in the flow. The modified flow field is quieter. We are working to quantify the precise mechanism.
Is It Anti-sound?
That adjoint instability waves dominate the gradient information suggests that the control mechanism is not anti-sound. This is supported more quantitatively here. Choosing the point, x = 25δ ω and y = −40δ ω on Ω, we record the pressure fluctuation history in figure 8 . The vertical line indicates the moment when the first sound wave from the control box would (and does) arrive. In these initial simulations the control is started impulsively causing the jagged burst we see. If the mechanism were anti-sound, the noise reduction should appear just after this point. However, the apparent control of the noise happens after a time delay due to the slower instability wave speed. The vertical shaded belt shows the approximate time for a flow structure to convect to x = 25δ ω at M c ≈ 0.4, which is observed for this mixing layer (see figure 11) , and then for sound to radiate from y = 0 to the Ω at y = −40δ ω . This is, of course, a crude estimate of the time for control to take effect. Further investigation is underway. Furthermore, we designed a numerical experiment shown in figure 9 . The control is moved to the region x/δ ω ∈ (1, 5) and y/δ ω ∈ (−20, −16) away from the main flow area. Now the adjoint instability wave never reaches this control region, so control is principally by acoustic cancellation-anti-sound. After 7 iterations, only 45% reduction is observed ( figure 10) .
As a comparison, we check the radiation increase elsewhere for this anti-sound case too. Unlike the previous case, some of the costs increase substantially. The cost value J a ∞ /p 0.0394 =⇒ 0.0539.
Flow Field Changes
A remarkable result is that the large-scale structural evolution has changed little between noisy and quieted cases. Figure 11 shows the time evolutions of large structures, as demarked by pressure, at y/δ ω = 0 with and without control. Small changes in the structural evolution are apparent, but the gross features are indistinguishable. For example, the pairing structures, which we see as the joining of the dark regions, in both pictures keep almost the same size and angle. Pressure at y = 0 shows little change in large-scale structural evolution without (a) and with (b) control. Black is p < 0; white is p > 0.
The turbulence kinetic "energy," defined as
where u and v are fluctuation of velocities, is also nearly unchanged. Figure 12 shows
and
with and without control. The noise reduction is not obtained through turbulence suppression. (6) and (b) equation (7) . The lines indicate the case without control and the case with control .
Conclusions
Using an adjoint-based control techniques, we reduced two-dimensional mixing layer noise by 6.3dB with little change to the apparent structural dynamics. This is possible because only a small fraction of the flow's energy, that with a supersonic phase velocity, radiates. Our simulations indicate that, at least in a two-dimensional mixing layer, this part can be altered with minimal control authority to dramatically reduce the noise.
Work continues identifying practical control laws and understanding the details of how the present control works.
